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(57) ABSTRACT

A method cleaving a semiconductor material that includes
providing a germanium substrate having a germanium and tin
alloy layer 1s present therein. A stressor layer 1s deposited on
a surface of the germanium substrate. A stress from the stres-
sor layer 1s applied to the germanium substrate, 1n which the
stress cleaves the germanium substrate to provide a cleaved
surface. The cleaved surface of the germanium substrate 1s
then selective to the germanium and tin alloy layer of the
germanium substrate. In another embodiment, the germa-
nium and tin alloy layer may function as a fracture plane
during a spalling method.
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SPALLING METHODS TO FORM
MULITT-JUNCTION PHOTOVOLTAIC
STRUCTURE

BACKGROUND

[0001] Thepresentdisclosurerelates to photovoltaic device
manufacturing, and more particularly, to methods for control-
ling the removal of a surface layer from a substrate utilizing
spalling.

[0002] A photovoltaic device 1s a device that converts the
energy of incident photons to electromotive force (e.m.1.).
Typical photovoltaic devices include solar cells, which are
configured to convert the energy 1n the electromagnetic radia-
tion from the Sun to electrical energy. Multi junction solar
cells comprising compound semiconductors may be
employed for power generation in space due to their high
elliciency and radiation stability. Mult1 junction solar cells are
mainly fabricated on germanium (Ge) substrates due to the
inherently strong (IR) absorption property of germanium
(Ge). Germanium (Ge) also includes a crystal structure that
can be lattice matched to III-V compound semiconductors,
which allows for itegration of I1I-V sub cells on a germa-
nium (Ge) substrate. The germanium (Ge) substrate may
constitute nearly 50% to 70% of the final cost of the finished
solar cell.

[0003] There is a trend within the photovoltaic industry to
continually minimize the amount of semiconductor material
used to fabricate solar cells, while maximizing energy con-
version efficiency. The high-cost associated with producing
semiconductor materials degrades the cost per Watt metric of
a given photovoltaic technology. Also, expensive semicon-
ductor matenial that 1s not contributing to energy conversion
can be considered waste at the device level.

SUMMARY

[0004] Inone embodiment, the present disclosure provides
a method of cleaving a semiconductor material, such as a
germanium substrate, to provide at least one component of a
photovoltaic cell. In one embodiment, the method of cleaving,
a semiconductor material includes providing a germanium
substrate, in which a germanium and tin alloy layer 1s present
within the germanium substrate. A stressor layer may be
deposited on a surface that 1s present on the germanium
substrate. A stress from the stressor layer may be applied to
the germanium substrate, 1n which the stress cleaves the ger-
manium substrate to provide a cleaved surface. The germa-
nium and tin alloy layer 1s present between the surface of the
germanium substrate that the stressor layer 1s formed on and
the cleaved surface of the germanium substrate. The cleaved
surface of the germanium substrate may then be etched selec-
tively to the germanium and tin alloy layer of the germanium
substrate. In some embodiments, the above-described
method employs the germamum and tin alloy layer as an etch
stop to remove the cleaved surface, and remove variation 1n
thickness 1n the germanium substrate that results from the
cleaved surface.

[0005] In another embodiment, a method of cleaving a
semiconductor material 1s provided that includes providing a
germanium substrate, 1n which a germanium and tin alloy
layer 1s present within the germanium substrate. The germa-
nium tin alloy layer may be weakened. A stressor layer may
be deposited on a surface that 1s present on the germanium
substrate. A stress from the stressor layer 1s applied to the
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germanium substrate, 1n which the stress cleaves the germa-
nium substrate along the germanium and tin alloy layer. In
some embodiments, the above-described method employs the
germanium and tin alloy layer as a cleave layer to dictate the
depth at which the germanium substrate may be spalled.
[0006] In another aspect, a photovoltaic device 1s provided
that includes a layer of germanium having a first conductivity
and a thickness ranging from 1 micronto 10 microns, wherein
the layer of germanium has a variation of thickness across the
entire width of the first layer of germanium that is less than
1000 A. A semiconductor layer is present on the layer of
germanium, wherein the semiconductor layer has a second
conductivity that 1s opposite the first conductivity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The following detailed description, given by way of
example and not intended to limit the disclosure solely
thereto, will best be appreciated in conjunction with the
accompanying drawings, wherein like reference numerals
denote like elements and parts, in which:

[0008] FIG. 1 1s a side cross-sectional view depicting a
germanium substrate including a germanium and tin alloy
layer present therein, as used in one embodiment of a method
of forming a photovoltaic device, 1n accordance with the
present disclosure.

[0009] FIG. 2A 1s a side cross-sectional view depicting
depositing a stressor layer directly to a surface of the germa-
nium substrate, 1n accordance with one embodiment of the
present disclosure.

[0010] FIG. 2B 1s a side cross-sectional view depicting
depositing at least one of a passivation layer, back surface
field layer, tunnel layer and/or I1I-V solar cell on the germa-
nium substrate prior to depositing the stressor layer, 1n accor-
dance with one embodiment of the present disclosure.

[0011] FIGS. 3A and 3B are side cross-sectional views
depicting applying a stress from the stressor layer to the
germanium substrate, 1n which the stress cleaves the germa-
nium substrate to provide a cleaved surface, 1n accordance
with one embodiment of the present disclosure.

[0012] FIGS. 4A and 3B are side cross-sectional views
depicting etching the cleaved surface of the germanium sub-
strate selectively to the germanium and tin alloy layer 10, 1n
accordance with one embodiment of the present disclosure.

[0013] FIGS. 5A and 3B are side cross-sectional views
depicting removing the germanium and tin alloy layer, 1n
accordance with one embodiment of the present disclosure.

[0014] FIGS. 6A and 6B are side cross-sectional views
depicting weakening the germanium and tin alloy layer
betore applying a stress from the stressor layer to the germa-
nium substrate, wherein 1n this embodiment the germanium
and tin alloy layer provides a fracture plane, 1n accordance
with one embodiment of the present disclosure.

[0015] FIGS. 7A and 7B are side cross-sectional views
depicting applying a stress from the stressor layer to the
germanium substrate depicted in FIGS. 6 A and 6B, in which
the stress cleaves the germanium substrate along the germa-
nium and tin alloy layer, 1n accordance with one embodiment
of the present disclosure.

[0016] FIGS. 8A and 8B are side cross-sectional views
depicting removing the remainming portion of germanium and
tin alloy layer from the structure depicted in FIGS. 7A and
7B, 1n accordance with one embodiment of the present dis-
closure.
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[0017] FIGS. 9A and 9B are a side cross-sectional view
depicting forming a photovoltaic device on the remaining
portion of the germanium substrate that results from the
method sequences that are depicted 1n FIGS. 1-8B, 1n accor-
dance with one embodiment of the present disclosure.

DETAILED DESCRIPTION

[0018] Detailed embodiments of the claimed structures and
methods are disclosed herein; however, it 1s to be understood
that the disclosed embodiments are merely 1llustrative of the
claimed structures and methods that may be embodied 1n
various forms. In addition, each of the examples given in
connection with the various embodiments are intended to be
illustrative, and not restrictive. Further, the figures are not
necessarily to scale, some features may be exaggerated to
show details of particular components. Therefore, specific
structural and functional details disclosed herein are not to be
interpreted as limiting, but merely as arepresentative basis for
teaching one skilled 1n the art to variously employ the meth-
ods and structures of the present disclosure.

[0019] References in the specification to “one embodi-
ment”, “an embodiment”, “an example embodiment™, etc.,
indicate that the embodiment described may include a par-
ticular feature, structure, or characteristic, but every embodi-
ment may notnecessarily include the particular feature, struc-
ture, or characteristic. Moreover, such phrases are not
necessarily referring to the same embodiment. Further, when
a particular feature, structure, or characteristic 1s described 1in
connection with an embodiment, 1t 1s submitted that 1t 1s
within the knowledge of one skilled in the art to affect such
feature, structure, or characteristic 1n connection with other
embodiments whether or not explicitly described.

[0020] For purposes of the description hereinafter, the
terms “upper’, “lower”, “right”, “left”, “vertical”, “horizon-
tal”, “top”, “bottom”, and dertvatives thereof shall relate to
the mvention, as 1t 1s oriented 1n the drawing figures. The
terms “on”, “overlying”, “atop”, “positioned on” or “posi-
tioned atop” means that a first element, such as a first struc-
ture, 1s present on a second element, such as a second struc-
ture, wherein intervening elements, such as an interface
structure, e.g. interface layer, may be present between the first
clement and the second element. The terms “directly on”,
“direct contact” means that a first element, such as a first
structure, and a second element, such as a second structure,
are connected without any intermediary conducting, insulat-
ing or semiconductor layers at the interface of the two ele-
ments.

[0021] The present disclosure relates to using spalling
methods 1n the manufacture of photovoltaic devices, in which
the disclosed spalling methods introduce a layer of an alloy of
tin and germanium within a germanium substrate in order to
turther control crack initiation, crack propagation, as well as
increase the selectivity of the spalling depths 1n semiconduc-
tor layers, such as germanium (Ge) substrates. As used herein,
a “photovoltaic device™” 1s a device, such as a solar cell, that
produces free electrons and/or electron vacancies, 1.€., holes,
when exposed to radiation, such as light, and results in the
production of an electric current. The photovoltaic device
typically includes layers of p-type conductivity and n-type
conductivity that share an interface to provide a heterojunc-
tion.

[0022] One of the more ellicient materials for photovoltaic
device applications are I1I-V compound semiconductor mate-

rials, such as gallium arsenide (GaAs). Stacking layers of thin
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compound semiconductors to provide PN junctions of differ-
ent compositions (and bandgaps) may provide that a wider
portion of the solar spectrum can be captured by a photovol-
taic device, which leads to higher efficiency. Germanium may
be used as the substrate upon which the compound semicon-
ductor layers, such as III-V compound semiconductors, are
grown. Germanium typically serves as the bottom-most junc-
tion of the photovoltaic device, and due to its small bandgap,
captures the longer wavelength portion of the solar spectrum.

[0023] Germanium single crystal substrates are energy
intensive to produce, and are expensive. Once a portion of the
photovoltaic cell has been formed on a germanium substrate,
the portion of the germanium substrate that has been pro-
cessed to provide a photovoltaic cell may be transferred onto
an mexpensive substrate, wherein the portion of the germa-
nium substrate that has not been processed can then be
employed 1n the formation of another photovoltaic cell. Spal-
ling 1s one method for cleaving the germanium substrate.
Spalling includes the deposition of a stress-inducing layer
that 1s deposited on the surface of the germanium substrate
that can cleave the germanmium substrate by fracture. It has
however been determined that the transfer of germanium
layers from germanium substrates in the formation of multi
junction photovoltaic cells by spalling disadvantageously
results 1n thickness variations 1n the transferred germanium
layer. For example, the thickness variation 1n the transferred
portion of the germanium containing substrate may be on the
order of several microns. The variation 1n the thickness of the
transierred portion of the germanium substrate disadvanta-
geously 1mpacts the current matching of the overall multi
junction stack that provides the photovoltaic device, as the
current produced by each cell should be the same for optimal
eificiency. The current will vary with residual germanium
layer thickness, the overall efficiency ol the cells will likewise
vary. The present disclosure provides a method of producing
mult1 junction photovoltaic device structures including a ger-
mamum layer, 1.e., transierred portion of a germanium sub-
strate, having a controllable and uniform thickness. More
specifically and 1n one embodiment, the method disclosed
herein employs a germanium and tin alloy layer, 1.e., binary
GeSn alloy layer, or a silicon, germanium and tin alloy laver,
1.€., ternary S1GeSn alloy layer, to define the final thickness of
the residual germanium layer (transferred portion of the ger-

manium substrate).

[0024] FIGS. 1-5B depict one embodiment of the present
disclosure 1n which a layer of germanium and tin alloy and/or
silicon germanium and tin 1s used as etch stop to define the
residual germanium thickness following spalling. FIG. 1
depicts a germanium substrate 1 including a germanium and
tin alloy layer 10. In one embodiment, the germanium sub-
strate 1 may include a material stack that includes, from
bottom to top, a first layer of germanium 5, the germanium
and tin alloy layer 10 that 1s present on the first layer of
germanium 5, and a second layer of germanium 135 that 1s
present on the germanium and tin alloy layer 10.

[0025] In one embodiment, the first layer of germanium 5
may have a germanium content that 1s greater than 95 atomic
(at.) %. In another embodiment, the first layer of germanium
5 may have a germanium content that 1s greater than 99 at. %.
In one example, the first layer of germanium 3 may have a
germanium content that 1s 100 at. %. The first layer of ger-
mamum 5 may be formed using a single crystal (monocrys-
talline) method. One example of a single crystal method for
forming the first layer of germanium 5 that provides the
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germanium substrate 1s the Czochralski (CZ) method. The
Czochralski (CZ) method 1ncludes taking a seed of single-
crystal germanium and placing 1t 1n contact with the top
surface of molten germanmium. As the seed 1s slowly raised (or
pulled), atoms of the molten germanium solidily 1n the pat-
tern of the seed and extend the single-crystal structure. The
single-crystal structure i1s then sawn into wafers, 1.e., sub-
strates, that can provide the first layer of germanium 3.

[0026] The first layer of germanium 3 may be doped to a
n-type or p-type conductivity or may be an intrinsic semicon-
ductor layer. An “intrinsic semiconductor layer” 1s a layer of
semiconductor material that 1s substantially pure, 1.e., an
intrinsic semiconductor layer 1s not doped with n-type or
p-type dopants. As used herein, “p-type” refers to the addition
of impurities to an 1ntrinsic semiconductor that creates defi-
ciencies of valence electrons (i.e. holes). As used herein,
“n-type” refers to the addition of impurities that contributes
free electrons to an intrinsic semiconductor. The thickness of
the first layer of germanium 5 may range from 50 um to 10
cm. In another embodiment, the thickness of the first layer of
germanium S may range from 80 um to 1 mm.

[0027] It 1s noted that the above thicknesses for the first
layer of germanium 3 have been provided for illustrative
purposes only, and are not intended to limit the present dis-
closure. For example, other thicknesses of the first layer of
germanium 3 may be employed, so long as the thickness of
the first layer of germanium 5 provides that at least a residual
portion of the first layer of germanium 3 remains aiter spal-
ling, so that the subsequently formed germanium and tin alloy
layer 10 1s present between the cleaved surface of the first
layer of germanium 15 and the subsequently formed second
layer of germanium 15.

[0028] The germanium and tin alloy layer 10 that provides
the etch stop layer, and may include a portion of the bottom
cell of the photovoltaic device, may be an epitaxially formed
layer that 1s deposited directly on a surface of the first layer of
germanium 5. The terms “epitaxially formed”, “‘epitaxial
growth’™ and/or “epitaxial deposition” means the growth of a
semiconductor material on a deposition surface of a semicon-
ductor material, 1n which the semiconductor material being
grown has the same crystalline characteristics as the semi-
conductor material of the deposition surface. Therefore, 1n the
embodiments in which the first layer of germanium 5 has a
single crystal crystalline structure, the epitaxially grown ger-
manium and tin alloy layer 10 also has a single crystal crys-
talline structure. Further, in the embodiments 1n which the
first layer of germanium 5 has a polycrystalline structure, the
epitaxially grown germanium and tin alloy layer 10 will also
have a polycrystalline structure.

[0029] The germanium and tin alloy layer 10 may be com-
posed of 0.5% at. to 20 at. % tin, and a remainder of germa-
nium. In another embodiment, the germanium and tin alloy
layer 10 may be composed of 5 at. % to 20 at. % tin, and 80 at.
% to 95 at. % germanium. In yet another embodiment, the
germanium and tin alloy layer 10 may be composed of 10 at.
% to 15 at. % tin and 85 at. % to 90 at. % germamum. It 1s
noted that the above concentrations have been provided for
illustrative purposes only, and are not itended to limit the
present disclosure. For example, other concentrations of tin
may be employed, so long as the concentration of tin 1s great
enough so that the first layer of germanium 5 may be etched
selectively to the germanium and tin alloy layer 10.

[0030] In another embodiment, the germanium and tin
alloy layer 10 may further include silicon, wherein the silicon
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1s introduced to oflset the stress that 1s introduced by tin. More
specifically, tin increases the lattice dimension of the epitaxi-
ally grown germanium and tin alloy layer 10 so thatitis larger
than the lattice dimension of the first layer of germanium 3.
Therefore, with increasing tin concentration in the germa-
nium and tin alloy layer 10, the compressive stress that 1s
present 1n the germanium and tin alloy layer 10 1s increased.
The mtroduction of stress within the germanium and tin alloy
layer 10 may result in defect formation. To reduce the com-
pressive strain, silicon may be introduced to the germanium
and tin alloy layer 10 to reduce the lattice dimension of the
epitaxially grown germanium and tin alloy layer 10. More
specifically, 1n one embodiment, the germanium and tin alloy
layer 10 may be composed 010.5% at. to 20 at. % tin, less than
50 at. % silicon, and a remainder of germanium. In another
embodiment, the germanium and tin alloy layer 10 may be

composed 01 0% at. to 10 at. % tin 0% to 38 at. % silicon, and
100 at. % to 52 at. % germanium, respectively. If the molar
ratio ol S1:Sn 1s approximately 3.8 1n the Ge(S1Sn) alloy, then
the lattice parameter will be the same as bulk Ge. Therefore,
these alloys can be grown strain-iree on Ge substrates.

[0031] It 1s noted that the above compositions for the ger-
mamum and tin alloy layer 10 have been provided for 1llus-
trative purposes only, and are not intended to limit the present
disclosure. For example, other concentrations of tin may be
employed, so long as the concentration of tin 1s great enough
so that the material of the first layer of germanium 3 may be
ctched selectively to the germanium and tin alloy layer 10.

[0032] In one embodiment, the germanium and tin alloy
layer 10 may be deposited using molecular beam epitaxial
(MBE) deposition. For example, the tin and germanium
sources for the MBE deposition of the germanium and tin
alloy layer 10 may include solid source materials of tin and
germanium. In the embodiments, 1n which the germanium
and tin alloy layer 10 further includes silicon, the sources for
the MBE deposition of the germanmium and tin alloy layer may
include solid source materials of tin, germanium and silicon.

[0033] Molecular beam epitaxy (MBE) takes place 1n
vacuum on the order of 10™° Pa. In solid-source MBE, the
solid source materials, such as tin, germanium and silicon
(optional), are heated 1n separate quasi-effusion cells until
they begin to slowly sublimate. The gaseous elements then
condense on the deposition surface, 1.¢., first layer of germa-
nium 5, where they may react with each other. The term
“beam” denotes that evaporated atoms do not interact with
cach other or vacuum chamber gases until they reach the
deposition surface, due to the long mean free paths of the
atoms.

[0034] In another embodiment, the germanium and tin
alloy layer 10 may be deposited using chemical vapor depo-
sition. Chemical vapor deposition (CVD) 1s a deposition pro-
cess 1n which a deposited species 1s formed as a result of a
chemical reaction between gaseous reactants and surface of a
substrate at room temperature or greater, resulting 1n deposi-
tion of a film on the substrate surface. Vanations of CVD

processes include, but are not limited to, Atmospheric Pres-
sure CVD (APCVD), Low Pressure CVD (LPCVD), Plasma

Enhanced CVD (PECVD), Metal-Organic CVD (MOCVD),
Ultra-high vacuum CVD (UHV-CVD) and combinations

thereolf. Other examples of processes for depositing the ger-
mamum-containing silicon layer 3 include atomic layer depo-
sition (ALD), evaporation, chemical solution deposition and
other like deposition processes.
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[0035] A number of different sources may be used for the
deposition of the germanium and tin alloy layer 10 by CVD.
In some embodiments, the source gasses for epitaxial growth
of the germanium and tin alloy layer 10 by CVD includes a
germanium source gas, such as germane gas (GeH, ), and a tin
source gas, such as stannane (SnH, ), Stannane-d4 (SnD,) or
a combination thereof. In the embodiments 1n which the
germanium and tin alloy layer 10 1s composed of silicon 1n
addition to germanium and tin, the source gas for depositing
the germanium and tin alloy layer 10 include a germanium
source gas, such as germane gas (GeH, ), a tin source gas, such
as stannane (SnH,), Stannane-d4 (SnD),) or a combination
thereol, and a silicon source gas, such as silicon tetrachloride,
dichlorosilane (SiH,Cl,), silane (SiH,), and higher-order
silanes such as disilane (Si1,H,) and trisilane (S1;Hy). The
temperature for epitaxial deposition typically ranges from
300° C. to 800° C. Although lower temperature growth 1s
generally favored due to the low solubility of Sn in the Ge or
GeSi lattice.

[0036] The germamium and tin alloy layer 10 may be doped
to an n-type or a p-type conductivity or may be an intrinsic
semiconductor layer. The dopant that provides the conductiv-
ity type of the germanium and tin alloy layer 10 may be
deposited 1n-situ. The term “conductivity type” denotes a
p-type or n-type dopant. By “in-situ” it 1s meant that the
dopant that provides the conductivity type of the material
layer 1s introduced as the material layer 1s being formed or
deposited. In one embodiment, when the germanmium and tin
alloy layer 10 1s doped to a p-type conductivity, the source
gasses employed during the CVD process may further
include a p-type dopant source. For example, diborane
(B,H,) gas can be mntroduced into the processing chamber
concurrently with the source gasses for the tin, germanium
and optional silicon. In one embodiment, when the germa-
nium and tin alloy layer 1s doped to an n-type conductivity, the
source gasses employed during the CVD process may further
include an n-type dopant source. For example, phosphine
(PH;) gas or arsine (AsH,) gas can be introduced into the
processing chamber concurrently with the source gasses for
the tin, germanium and optional silicon.

[0037] The p-type and/or n-type dopant for the germanium
and tin alloy layer 10 may also be introduced following the
deposition of the germanium and tin alloy layer 10 using at
least one of plasma doping, 1on implantation, and/or outdii-
fusion from a disposable diffusion source (e.g., borosilicate
glass).

[0038] The thickness of the germanium and tin alloy layer
10 may range from 1 nm to 500 nm. In another embodiment,
the thickness of the germanium and tin alloy layer 10 may
range from 5 nm to 50 nm. It 1s noted that the above thick-
nesses for the germanium and tin alloy layer 10 have been
provided for illustrative purposes only, and are not intended to
limit the present disclosure. For example, other thicknesses
for the germanium and tin alloy layer 10 may be employed, so
long as the thickness of germanium and tin alloy layer 10 1s
great enough so that germanium and tin alloy layer 10 may act
as an etch stop during etch processes to remove the remaining
portion of the first layer of germanium 5 following etching of
the cleaved surface 4.

[0039] When employed in the lower cell of a photovoltaic
device and doped to a p-type conductivity, the concentration
of the p-type dopant 1n the germanium and tin alloy layer 10
ranges from 5x10'7 atoms/cm? to 5x10°° atoms/cm>. When
employed in the lower cell of a photovoltaic device and doped
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to an n-type conductivity, the concentration of the n-type
dopant 1n the germanium and tin alloy layer 10 ranges from
5x10" atoms/cm” to 1x10°” atoms/cm”.

[0040] Stll referring to FIG. 1 and 1n one embodiment, a
second layer of germanium 15 1s present on the germanium
and tin alloy layer 10 of the germanmium substrate 1. In one
embodiment, the second layer of germanium 15 may have a
germanium content that 1s greater than 95 at. %. In another
embodiment, the second layer of germanium 15 may have a
germanium content that 1s greater than 99 at. %. In one
example, the second layer of germanium 15 may have a
germanium content that 1s 100%. The second layer of germa-
nium 15 may be deposited on the germanium and tin alloy
layer 10 using a deposition process, such as CVD. In one
embodiment, the CVD process for forming the second layer
of germanium 15 1s selected from the group consisting of

Atmospheric Pressure CVD (APCVD), Low Pressure CVD
(LPCVD), Plasma Enhanced CVD (PECVD), Metal-Organic
CVD (MOCVD), Ultra-high vacuum CVD (UHV-CVD) and
combinations thereof. In one embodiment, the second layer
of germanium 15 may be an epitaxially deposited layer, 1n
which the germanium source of the epitaxial deposition pro-
cess comprises germane (GeH,) gas. It 1s also contemplated
that the second layer of germanium 15 may also contain Sn
and S1 to improve the performance of the photovoltaic device
(e.g., 1ncreases absorption ay longer wavelengths compared
to pure Ge).

[0041] Simuilar to the germanium and tin alloy layer 10, the
second layer of germamium 135 may be doped to a p-type
conductivity or an n-type conductivity. The dopant that pro-
vides the conductivity type of the second layer of germanium
15 may be introduced 1n-situ during the forming process that
provides the second layer of germanium 15, or the dopant that
provides the conductivity type of the second layer of germa-
nium 15 may be introduced using 10n 1implantation or plasma
doping after the layer of germanium 15 has been deposited.
The thickness of the second layer of germanium 15 may range
from 100 nm to 15 um. In another embodiment, the thickness
of the second layer of germanium 15 may range from 500 nm
to 10 um. In some embodiments, the second layer of germa-
nium 15 may function as a component of the bottom cell of
the photovoltaic device.

[0042] FIG. 2A depicts one embodiment of depositing a
stressor layer 20 directly on a surface of the germanium
substrate 1, e.g., directly on the surface of the second layer of
germanium 15. FIG. 2B depicts one embodiment of deposit-
ing a stressor layer 20 on a back surface matenal layer 14 that
1s present on the germanium substrate 1, e.g., 1s present on the
second layer of germanium 135. The back surface material
layer 14 may be a single maternial layer or a multi-layered
material layer. In one embodiment, the back surface material
layer 14 that provides the surface of the germanium substrate
1 may be at least one of a back surface field layer, a passiva-
tion layer, a tunnel layer, a back solar cell junction or a
combination thereof. The back surface material layer 14 may
be provided by any combination of back surface field layers,
passivation layers, tunnel layers and back solar cell junctions.

[0043] Referring to FIG. 2B, the back surface material

layer 14 may be provided by a back surface field region that 1s
formed on a surface of the second layer of germanium 15. A
“back surface field (BSF) region™ 1s a doped region having a
higher dopant concentration than the second layer of germa-
nium 13. The back surface field region and the second layer of
germanium 15 typically have the same conductivity type,
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e.g., p-type or n-type conductivity. The interface between the
highly doped back surface field (BSF) region and the second
layer of germanium 15 having a lower dopant concentration

than the back surface field (BSF) region behaves like a p-n

junction, and an electric field forms at the interface which
introduces a barrier to minority carrier flow to the rear sur-
face. The minority carrier concentration 1s thus maintained at
higher levels in the second layer of germanium 15 and the
back surface field (BSF) region has a net effect of passivating,
the rear surface of the solar cell.

[0044] Still referring to FIG. 2B, the back surface material
layer 14 may also include a passivation layer, which may be
present on the back surface field region of the second layer of
germanmium 15. In another embodiment, the back surface
material layer may be omitted, wherein the back surface
material layer 14 1s a single material layer provided by a
passivation layer. The passivation layer 1s a material layer that
1s formed on the back surface of the second layer of germa-
nium 15, which provides the lower cell of the subsequently
formed photovoltaic cell, wherein the passivation layer
reduces the concentration of dangling bonds at the back sur-
face of the bottom cell of the photovoltaic device. In one
embodiment, the passivation layer 1s composed of hydroge-
nated amorphous silicon (a-Si:H). Typically, the hydroge-
nated amorphous silicon 1s an intrinsic semiconductor layer.
Deposition of the hydrogenated amorphous silicon contain-
ing material by PECVD includes at least one semiconductor
material containing reactant gas and at least one hydrogen
containing reactant gas. In one embodiment, the semiconduc-
tor material containing reactant gas for producing the hydro-
genated amorphous silicon containing material includes at
least one atom of silicon. For example, to provide the silicon
component of the hydrogenated amorphous silicon, the semi-
conductor material containing reactant gas can include at
least one of SiH,, S1,H,, SiH,Cl,, S1HCI;, and Si1Cl,. The
hydrogen containing reactant gas for depositing the hydroge-
nated amorphous silicon containing material by PECVD may
be hydrogen gas (H,).

[0045] Stll referning to FIG. 2B, the back surface material
layer 14 may also include a back solar cell junction may be
formed on the passivation layer. In another embodiment, the
back surface field layer and the passivation layer may be
omitted, 1n which the back surface material layer 14 may be
provided by at least one back solar cell junction that 1s formed
on the exposed surface of the second layer of germanium 15.
The back solar cell junction may be composed of any number
of p/n junctions and may be composed of any number of
materials. In one embodiment, the material layers that pro-
vide the back solar cell junction may be compound semicon-
ductor materials. Examples of compound semiconductor
materials that are suitable for the back solar cell junction
include, but are no limited to, aluminum antimomde (AISb),
aluminum arsenide (AlAs), aluminum nitride (AIN), alumi-
num phosphide (AIP), boron nitride (BN), boron phosphide
(BP), boron arsenide (BAs), gallium arsenide (GaAs), gal-
lium phosphide (GaP), indium antimonide (InSb), indium
arsenic (InAs), indium nmitride (InN), indium phosphide (InP),
aluminum gallium arsenide (AlGaAs), indium gallium phos-
phide (InGaP), aluminum indium arsenic (AllnAs), alumi-
num indium antimonide (AllnSb), gallium arsenide nitride
(GaAsN), gallium arsenide antimomde (GaAsSb), aluminum
gallium mitride (AlGaN), aluminum gallium phosphide (Al-
GaP), indium gallium mitride (InGaN), indium arsenide anti-
monide (InAsSb), indium gallium antimonide (InGaSh), alu-
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minum gallium indium phosphide (AlGalnP), aluminum
gallium arsenide phosphide (AlGaAsP), indium gallium ars-
emde phosphide (InGaAsP), imndium arsenide antimonide
phosphide (InArSbP), aluminum 1indium arsenide phosphide
(AllnAsP), aluminum gallium arsenide nitride (AlGaAsN),
indium gallium arsenide nitride (InGaAsN), indium alumi-
num arsenide mitride (InAlAsN), galllum arsenide anti-
monide nitride (GaAsSbN), gallium indium nitride arsenide
aluminum antimonide (GalnNAsSb), gallium indium ars-
enide antimonide phosphide (GalnAsSbP), and combinations
thereof.

[0046] As mentioned above and as shown 1 FIGS. 2A and

2B, a stressor layer 20 may be deposited directly on a surface
of the germanium substrate 1, as depicted 1n FIG. 2A, oron a
back surface material layer 14 that 1s present on the germa-
nium substrate 1, as depicted 1n FIG. 2B. In one embodiment,
the stressor layer 20 1s composed of a metal containing layer,
a polymer layer, an adhesive tape or a combination thereof. In
some embodiments of the present disclosure, the surface that
the stressor layer 20 1s deposited on can be cleaned prior to
turther processing to remove surface oxides and/or other con-
taminants therefrom. In one embodiment of the present dis-
closure, the that the stressor layer 20 1s deposited on may be
cleaned by applying a solvent such as, for example, acetone
and 1sopropanol.

[0047] Insomeembodiments, anoptional metal-containing
adhesion layer 16 1s formed on a surface of the germanium
substrate 1, as depicted in FI1G. 2 A, or on a surface of the back
surface matenal layer 14, as depicted in FIG. 2B, prior to
forming the stressor layer 20. The optional metal-containing
adhesion layer 16 1s employed 1n embodiments 1n which the
stressor layer 20 has poor adhesion to the surface on which the
stressor layer 20 1s to be formed. Typically, the metal-con-
taining adhesion layer 16 1s employed when a stressor layer
20 comprised of a metal 1s employed.

[0048] The optional metal-containing adhesion layer 16
employed in the present disclosure includes any metal adhe-
sionmaterial such as, but not limited to, T1/W, T1, Cr, N1 or any
combination thereof. The optional metal-containing adhesion
layer 16 may comprise a single layer or it may include a

multilayered structure comprising at least two layers of dif-
ferent metal adhesion materials.

[0049] The metal-containing adhesion layer 16 may be
formed at room temperature (15° C.-40° C.) or above. In one
embodiment, the optional metal-containing adhesion layer 16
1s formed at a temperature ranging from 20° C. to 180° C. In
another embodiment, the optional metal-contaiming adhesion

layer 16 1s formed at a temperature that ranges from 20° C. to
60° C.

[0050] The metal-containing adhesion layer 16, which may
be optionally employed, can be formed utilizing deposition
techniques. For example, the optional metal-containing adhe-
sion layer 16 can be formed by sputtering, chemical vapor
deposition, plasma enhanced chemical vapor deposition,
chemical solution deposition, physical vapor deposition, and
plating. When sputter deposition 1s employed, the sputter
deposition process may further include an in-situ sputter
clean process betore the deposition.

[0051] When employed, the optional metal-containing
adhesion layer 16 typically has a thickness of from 5 nm to
200 nm, with a thickness of from 100 nm to 150 nm being
more typical. Other thicknesses for the optional metal-con-
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taining adhesion layer 16 that are below and/or above the
alorementioned thickness ranges can also be employed in the
present disclosure.

[0052] In some embodiments, the stressor layer 20 1s
formed on an exposed surtace of the optional metal-contain-
ing adhesion layer 16. In some embodiments in which the
optional metal-containing adhesion layer 16 1s not present,
the stressor layer 20 1s formed directly on the germanium
substrate 1, or directly on the back surface material layer 14
that 1s present on the germanium substrate 1. These particular
embodiments are not shown in the drawings, but can readily
be deduced from the drawings 1llustrated 1n the present appli-
cation.

[0053] In one embodiment, the stressor layer 20 that 1s
employed 1n the present disclosure may include any material
that 1s under tensile stress on germanium substrate 10 at the
spalling temperature. Illustrative examples of such matenals
that are under tensile stress when applied atop the germanium
substrate 1 include, but are not limited to, a metal, a polymer,
such as a spall inducing tape layer, or any combination
thereol. The stressor layer 20 that may comprise a single
stressor layer, or a multilayered stressor structure including at
least two layers of different stressor material can be
employed.

[0054] In one embodiment, the stressor layer 20 1s a metal,
and the metal 1s formed on an upper surface of the optional
metal-containing adhesion layer 16. In another embodiment,
the stressor layer 20 1s a spall inducing tape, and the spall
inducing tape 1s applied directly to the surface of the germa-
nium substrate 1, as depicted in FI1G. 2A, or 1s applied directly
to the back surface material layer 14, as depicted 1n FIG. 2B.
In another embodiment, for example, the stressor layer 20
may comprise a two-part stressor layer including a lower part
and an upper part. The upper part of the two-part stressor layer
can be comprised of a spall inducing tape layer.

[0055] When a metal 1s employed as the stressor layer 20,
the metal can include, for example, N1, T1, Cr, Fe or W. Alloys
of these, and other, metals can also be employed. In one
embodiment, the stressor layer 20 includes at least one layer
consisting of Ni1. When a polymer 1s employed as the stressor
layer 20, the polymer 1s a large macromolecule composed of
repeating structural units. These subunits are typically con-
nected by covalent chemical bonds. Illustrative examples of
polymers that can be employed as the stressor layer 20
include, but are not limited to, polyimides, polyesters, poly-
olefins, polyacrylates, polyurethane, polyvinyl acetate, and
polyvinyl chloride.

[0056] When a spall inducing tape layer 1s employed as the
stressor layer 20, the spall inducing tape layer includes any
pressure sensitive tape that 1s tlexible, soit, and stress free at
the first temperature used to form the tape, yet strong, ductile
and tensile at the second temperature used during removal of
the upper portion of the base substrate. By “pressure sensitive
tape,” 1t 1s meant an adhesive tape that will stick with appli-
cation of pressure, without the need for solvent, heat, or water
for activation. Tensile stress in the tape 1s primarily due to
thermal expansion mismatch between the first layer of ger-
manium 15 (with a lower thermal coetlicient of expansion) of
the germanium substrate 1 and the tape (with a higher thermal
expansion coellicient).

[0057] Typically, the pressure sensitive tape that 1is
employed 1n the present disclosure as the stressor layer 20
includes at least an adhesive layer and a base layer. Materials
for the adhesive layer and the base layer of the pressure
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sensitive tape include polymeric matenals such as, for
example, acrylics, polyesters, olefins, and vinyls, with or
without suitable plasticizers. Plasticizers are additives that
can increase the plasticity of the polymeric material to which
they are added.

[0058] In one embodiment, the stressor layer 20 that is
employed in the present disclosure 1s formed at room tem-
perature (15° C.-40° C.). In another embodiment, when a tape
layer 1s employed, the tape layer can be formed at temperature
ranging from 15° C. to 60° C.

[0059] When the stressor layer 20 1s a metal or polymer, the
stressor layer 20 can be formed utilizing deposition tech-
niques that are well known to those skilled 1n the art includ-
ing, for example, dip coating, spin-coating, brush coating,
sputtering, chemical vapor deposition, plasma enhanced
chemical vapor deposition, chemical solution deposition,
physical vapor deposition, and plating.

[0060] When the stressor layer 20 1s a spall inducing tape
layer, the tape layer can be applied by hand or by mechanical
means to the structure. The spall inducing tape can be formed
utilizing techniques well known 1n the art or they can be
commercially purchased from any well known adhesive tape
manufacturer. Some examples of spall inducing tapes that can
be used 1n the present disclosure as stressor layer 20 include,
for example, Nitto Denko 3193 MS thermal release tape, Kap-
ton KPT-1, and Diversified Biotech’s CLEAR-170 (acrylic
adhesive, vinyl base).

[0061] In one embodiment, a two-part stressor layer 20 can
be formed directly on a surface of the germanium substrate 1,
as depicted 1n FIG. 2A, or can be formed directly on a surface
ol a back surface material layer 14, as depicted 1n FIG. 2B,
wherein a lower part of the two-part stressor layer 20 1s
formed at a first temperature, which 1s at room temperature or
slight above (e.g., from 15° C. to 60° C.), wherein an upper
part of the two-part stressor layer 20 comprises a spall induc-
ing tape layer at an auxiliary temperature which 1s at room
temperature.

[0062] If the stressor layer 20 1s of a metallic nature, 1t
typically has a thickness of from 3 um to with a thickness of
from 4 um to 8 um being more typical. Other thicknesses for
the stressor layer 20 that are below and/or above the afore-
mentioned thickness ranges can also be employed in the
present disclosure.

[0063] If the stressor layer 20 1s of a polymeric nature, 1t
typically has a thickness of from 10 um to 200 um, with a
thickness of from 50 um to 100 um being more typical. Other
thicknesses for the stressor layer 20 that are below and/or
above the aforementioned thickness ranges can also be
employed 1n the present disclosure.

[0064] Stll referring to FIGS. 2A and 2B an optional
handle substrate 25 can be formed atop the stressor layer 20.
The optional handle substrate 25 employed 1n the present
disclosure comprises any flexible material that has a mini-
mum radius of curvature of less than 30 cm. Illustrative
examples of flexible materials that can be employed as the

optional handle substrate 25 include a metal fo1l or a polyim-
ide foil.

[0065] The optional handle substrate 25 can be used to
provide better fracture control and more versatility 1n han-
dling the spalled portion of the germanium substrate 1. More-
over, the optional handle substrate 235 can be used to guide the
crack propagation during the spalling process of the present
disclosure. The optional handle substrate 25 of the present
disclosure 1s typically, but not necessarily, formed at room
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temperature (15° C.-40° C.). The optional handle substrate 25
can be formed utilizing deposition techniques that are well
known to those skilled 1n the art including, for example, dip
coating, spin-coating, brush coating, sputtering, chemaical
vapor deposition, plasma enhanced chemical vapor deposi-
tion, chemical solution deposition, physical vapor deposition,
plating, mechanical adhesion, thermocompression bonding,
or soldering. The optional handle substrate 25 typical has a
thickness of from 1 um to few mm, with a thickness of from
70 um to 120 um being more typical. Other thicknesses for the
optional handle substrate 18 that are below and/or above the
alforementioned thickness ranges can also be employed 1n the
present disclosure.

[0066] FIGS. 3A and 3B depict applying a stress from the
stressor layer 20 to the germanium substrate 1, in which the
stress cleaves the germanium substrate 1 to provide a cleaved
surface 4 on the remaining portion of the first layer of germa-
nium Sa. FI1G. 3A depicts applying a stress to the germanium
substrate 1 from a stressor layer 20 that 1s deposited directly
on the germamum substrate 1. FIG. 3B depicts applying a
stress to the germanium substrate 1 from a stressor layer 20
that 1s deposited on a back surface material layer 14 that 1s
present on the germanium substrate 1. The germanium and tin
alloy layer 10 1s present between the surface that the stressor
layer 20 1s formed on and the cleaved surface 4 of the germa-
nium substrate 1. In FIGS. 3A and 3B, reference numeral 5a
denotes the remaining portion of the first layer of germanium
5 that 1s attached to the stressor layer 20, while reference
numeral 35 denotes the spalled portion of the first layer of
germanium 5 that 1s removed.

[0067] The condition that results 1n spalling of the germa-
nium substrate 1 1s related to the combination of the stressor
layer 20 thickness value and the stress value for the stressor
layer 20, as well as the mechanical properties of the germa-
nium substrate 1. At a given stressor layer 20 thickness value,
there will be a stress value above which spalling will occur
spontaneously. Likewise, at a given stressor layer 20 stress
value, there will be a thickness value above which spalling
will occur spontaneously.

[0068] An approximate guide for the stressor layer 20
thickness value at which spalling becomes possible for the
case where the stressor layer 20 1s substantially comprised of
tensile stressed Ni is given by the relation t*=[(2.5x10°)
(K,/®)]/o*, where t* is the thickness value (in units of
microns) of the stressor layer 20 at which controlled spalling,
becomes possible, K, 1s the fracture toughness value of the
germanium substrate 1 (in units of MPa*m'/?), e.g., fracture
toughness value of the first layer of germanium 5, and 6 1s the
magnitude of the stress value 1n the stressor layer 20 (1n units
of MPa, or megapascals). If the tensile stressed layer 20
thickness 1s greater than the value given by t* by approxi-
mately 50%, then spontaneous spalling may occur. In another
aspect, the thickness of the stressor layer 20 may be anywhere
from about 1 um to about 50 um, or from about 3 um to about
30 um, or about 4 um to about 20 um thick.

[0069] Selection of the stressor layer 20 does not have to be
based on the difference between the coetlicient of thermal
expansion of the stressor layer 20 and the coetlicient of ther-
mal expansion of the germanium substrate 1 for promoting,
spontaneous spalling as in the prior art, where spalling 1s
elfected by cooling the structure from an elevated tempera-
ture (about 900° C.) to a lower temperature. The present
disclosure does not rely on spontaneous spalling, but rather
the use of mechanical force, and controlled fracture at sub-
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stantially room temperature (about 20° C.) to separate layers
or layers from the germanium substrate 1, e.g., separate a {irst
portion Sa of the first layer of germanium 5 from the germa-
nium substrate 1. The thickness of the remaining portion 5a of
the first layer of germanium 5 that 1s attached to the stressor
layer 20 from the germanium substrate 1 1s roughly twice to
three times the thickness value of thickness values of stressor
layer 20. By controlling the amount of stress in the stressor
layer 20, the operable thickness value of stressor layer 20 (t*)
can be chosen to remove a controlled thickness of the first
layer of germanium 5.

[0070] For example, 11 the thickness of the remainming por-
tion of the germanium substrate 1 aiter spalling, which
includes the second layer of germamum 15, the germanium
and tin alloy layer 10, and the remaining portion Sa of the first
layer of germanium, 1s desired to be approximately 10 um,
then a stressor layer 20 of nickel would need to be approxi-
mately 4 um thick. By using the K~ value for Ge<111> (0.59
MPa*m''#), the expression for t* above can be used to calcu-
late that a stress value of about 600 MPa 1s required.

[0071] Although the origin of the stress 1n the stressor layer
20 1s 1ntrinsic (originating from microstructure), and not due
to coellicient of thermal expansion (CTE) stress, heating the
stressor layer 20 often has the effect of increasing the stress
value. This 1s due to microstructural changes within the stres-
sor layer 20 that occur upon annealing and 1s rreversible.
Localized heating 1s therefore contemplated to initiate frac-
ture in the periphery of the area to be layer transferred. In
other words, spontaneous spalling can be made to occur 1n
small, selected regions to help mmtiate fracture, e.g., by
increasing the thickness of the stress layer in these small
selected regions. Localized heating can be performed using a
laser, remote induction heating, or direct contact heating.

[0072] Thefirst portion 3a of the first layer of germanium 5
having the cleaved surface 4 that 1s formed by the controlled
spalling process mentioned above typically has a thickness of
from 1000 nm to tens of um, with a thickness of from 5 um to
50 um being more typical. The second portion 556 of the first
layer of germanium 3 that 1s removed from the geranium
substrate by the spalling process mentioned above typically
has a thickness of from 1000 nm to tens of um, with a thick-
ness of from 5 um to 50 um being more typical.

[0073] Insome embodiments of the present disclosure, the
optional handle substrate 25, the stressor layer 20, and the
optional metal-containing adhesion layer 16 can be removed
from the germanium substrate 1. For example, and in one
embodiment, aqua regia (HNO,/HCI) can be used for remov-
ing the optional handle substrate 25, the stressor layer 20 and
the optional metal-containing adhesion layer 16. In another
example, UV or heat treatment 1s used to remove the optional
handle substrate 25, followed by a chemical etch to remove
the tensile stressed layer 20, followed by a different chemical
etch to remove the optional metal-containing adhesion layer

16.

[0074] FIGS. 4A and 4B depict some embodiments of etch-
ing the cleaved surface 4 of the germanium substrate 1 selec-
tively to the germanium and tin alloy layer 10. FIG. 4A
depicts etching the cleaved surface 4 of the structure depicted
in FIG. 3A, and FI1G. 4B depicts etching the cleaved surface 4
of the structure depicted in FIG. 3B. In some embodiments,
the germanium and tin alloy layer 10 functions as an etch stop
to remove the cleaved surface 4, and remove variation in
thickness in the germanium substrate 1 that results from the
cleaved surface 4. As used herein, the term “selective” 1n
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reference to a material removal process denotes that the rate
of material removal for a first material 1s greater than the rate
of removal for at least another material of the structure to
which the material removal process 1s being applied. In some

examples, the selectivity may be greater than 100:1, e.g.,
1000:1.

[0075] In one embodiment, the etch process that removes
the cleaved surface 4 of the remaining portion 5a of the first
layer of germanium 5 1s a wet etch including an etch chem-
1stry that 1s selective to the germanium and tin alloy layer 10.
In one embodiment, the etch chemistry includes hydrogen
peroxide (H,O,). In another embodiment, the etch chemistry
for removing the remaining portion 3a of the first layer of
germanium 3 selectively to the germanium and tin layer 10
includes solutions of hydrogen peroxide (H,O,), hydrofluo-
ric acid (HF) and water (H,O), or dry etching techniques,
such as xenon diflouride (XeF,) etching. It 1s noted that the
above etch chemistries have been provided for illustrative
purposes only, and are not intended to limit the present dis-
closure. For example, other etch chemistries may be
employed, so long as the etch chemistry removes the remain-
ing portion 5a of the first layer of germanium 35 without
removing the germanium and tin alloy layer 10. Other etch
processes that can be used at this point of the present disclo-
sure include reactive 10n etch, 1on beam etching, plasma etch-
ing or laser ablation.

[0076] Following etching of the cleaved surface 4, and
removal of the remaining portion 5a of the first layer of
germanium 3, the thickness ol the germanium substrate 1, 1.¢.,
second layer of germanium 15 and the germanium and tin
alloy layer 10, may range from 0.1 microns to 20 microns. In
another example, the thickness of the germanium substrate,
1.€., second layer of germanium 15 and the germanium and tin
alloy layer 10, may range from 0.5 microns to 5 microns. The
variation of thickness across the entire width of the germa-
nium substrate 1 at this point of the present disclosure 1s less

than 1000 A.

[0077] FIGS. SA and 5B depict some embodiments of
removing the germanium and tin alloy layer 10. FIG. 5A
depicts removing the germanium and tin alloy layer 10 from
the structure depicted 1n FIG. 4 A, and FI1G. 5B depicts remov-
ing the germanium and tin alloy layer 10 from the structure
depicted 1n FIG. 4B. In one embodiment, the germanium and
tin alloy layer 10 1s removed selectively to the second layer of
germanmium 15. In one embodiment, the etch process that
removes the germanium and tin alloy layer 10 1s a wet etch
including an etch chemistry that 1s selective to the second
layer of germanium 15. In one embodiment, the etch chem-
1stry for removing the germanium and tin alloy layer 10
selectively to the second layer of germamium 15 includes
Ammonium hydroxide (NH,OH), potassium hydroxide
(KOH), tetramethyl ammonium hydroxide (TMAH) and
mixtures or dilutions thereof. It 1s noted that the above etch
chemistries have been provided for illustrative purposes only,
and are not mtended to limit the present disclosure. For
example, other etch chemistries may be employed, so long as
the etch chemistry removes the germanium and tin alloy layer
10 without removing the second layer of germanium 15.
Other etch processes that can be used at this point of the
present disclosure include reactive 1on etch, 10on beam etch-
ing, plasma etching or laser ablation.

[0078] Following removing the germanium and tin alloy
layer 10, the thickness of the germamum substrate 1, 1.e.,
second layer of germanium 15, may range from 0.1 microns
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to 20 microns. In another example, the thickness of the second
layer of germanium 135 may range from 0.5 microns to 5
microns. The variation of thickness across the entire width of
the second layer of germanium 13 at this point of the present

disclosure is less than 1000 A.

[0079] FIG. 1-5B depict one embodiment of a spalling
method 1n which the germanium and tin alloy layer 10 func-
tions as an etch stop layer to provide a germanium layer
having a uniform thickness across its entire width. In another
embodiment of the present disclosure, the germanium and tin
alloy layer 10 1s employed as fracture guiding layers when
used 1n conjunction with controlled spalling technology. In
some embodiment, the germanium and tin alloy layer 10
when employed as fracture guiding layers, can be exposed to
hydrogen to alter the bonding structure of the germanium and
tin alloy layer 10 in order to facilitate facture within the
germanium and tin alloy layer 10.

[0080] FIGS. 6A and 6B depict some embodiments of
depicting weakening the germanium and tin alloy layer 10
betore applying a stress from the stressor layer 10 to the
germanium substrate 1, wherein 1n this embodiment the ger-
mamum and tin alloy layer 10 provides a fracture plane. The
germanium substrate 1 that 1s depicted in FIGS. 6 A and 6B 1s
similar to the germanium substrate 1 that 1s depicted 1n FIG.
1. Therefore, the above description of the germanium sub-
strate 1 including the first layer of germanium 5, the germa-
nium and tin alloy layer 10 and the second layer of germa-
nium 15 that are depicted in FIG. 1 1s suitable to describe the
germanium substrate 1 including the first layer of germanium
5, the germanium and tin alloy layer 10, and the second layer
of germanium 15 that are depicted 1n FIGS. 6A and 6B.
Further, the description of the back surface material layer 14,
the stressor layer 20, the handling substrate 235, and the
optional metal-contaiming adhesion layer 16 that are depicted
in FIGS. 2A and 3B 1s suitable for the back surface material
layer 14, the stressor layer 20, the handling substrate 25, and

the optional metal-containing adhesion layer 16 that are
depicted 1n FIGS. 6 A and 6B.

[0081] Inthe embodiments in which the germanium and tin
alloy layer 10 provides a fracture plane, the composition of
the germanium and tin alloy layer 10 1s selected so that the
germanium and tin alloy layer 10 1s under an intrinsic stress.
More specifically, the germanium and tin alloy layer 10 1s
typically acompressively strained material when formed over
a germanium material, such as the first layer of germanium 5.
When the germanium and tin alloy layer 10 includes silicon,
and the silicon 1s present 1n the germanium and tin alloy layer
10 1n a greater concentration than the tin that is present 1n the
germanium and tin alloy layer 10, the germanium and tin
alloy layer 10 1s a tensilely strained material. Because
Ge(Si1Sn) ternary alloys with a molar ratio of S1:Sn of
approximately 4:1 result 1n a lattice parameter similar to that
ol Ge, the most general alloy range thatresults in compressive
stress 15 given by: Ge (S1,_Sn ), . where (0=x=1) and
(0.2=vy=1). Likewise, tensile stress will result when
(0=y=0.2). For example, a tensilely strained germanium and
tin alloy layer 10 may include 50 at. % germanium, 5 at. % tin,
and 45 at. % silicon. In comparison, a compressively strained
germanium and tin alloy layer 10 may include 50 at. %
germanium, 15 at. % tin, and 35 at. % silicon.

[0082] In one embodiment, the germanium and tin alloy
layer 10 1s weakened by treating at least one surface of the
germanium substrate 1 with a hydrogen containing gas and/or
plasma, or a hydrogen containing acid. The treatment of the
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germanium substrate 1 with the hydrogen containing gas
and/or plasma, or a hydrogen containing acid may be con-
ducted prior to depositing of the stressor layer 20 to the
germanium substrate 1, or the treatment of germanium sub-
strate 1 with the hydrogen containing gas and/or plasma, or a
hydrogen containing acid may be conducted after depositing
of the stressor layer 20 to the germamium substrate 1. Similar
to the embodiments described above with reference to FIGS.
1-5B, the stressor layer 20 may be deposited directly on the
second layer of germanium 15 of the germanium substrate 1,
or the stressor layer 20 may be deposited on a back surface
material layer 14 that 1s present on the germanium substrate 1.

[0083] In one embodiment, the hydrogen containing gas 1s
hydrogen gas (H,). The hydrogen may be accompanied by a
carrier gas, such as argon or helium. In one embodiment, the
germanium substrate 1 may be treated with a hydrogen con-
taining plasma. A plasma is a gas in which a majority of the
atoms or molecules are 1onized. The plasma may be created
by RF (AC) frequency, or DC discharge between two elec-
trodes, 1n which the space between the two electrodes con-

tains hydrogen containing gases. The electrical energy trans-
forms the hydrogen containing gas mixture into reactive
radicals, 1ons, neutral atoms and molecules, and other highly
excited species. Chemical reactions are mvolved 1n the pro-
cess, which occur after creation of a plasma of the reacting
gases. For example, the atomic and molecular fragments
interact with the germanium substrate 1 to introduce hydro-
gen to the germanium substrate 1. In one embodiment, frac-
tional 10onization 1n plasmas used for deposition and related
materials processing varies from 107%, in typical capacitive
discharges, to as high as 5-10%, in high density inductive
plasmas. Plasmas are typically operated at pressures of a few
millitorr, e.g., 1 millitorr to 10 mallitorr, to a few ton, e.g., 1
ton to 10 ton, although arc discharges and inductive plasmas
can be 1gnited at atmospheric pressure. The plasma may be
provided by radio-frequency capacitive discharge, induc-
tively coupled plasma (ICP), electron cylclotron resonance
(ECR), and helicon waves. In the embodiments, 1n which the
germanium substrate 1s treated with a hydrogen containing
acid, the hydrogen containing acid may be provided by
hydrofluoric acid (HF), hydrochloric acid (HCI) or sulphuric
acid. It1s also contemplated that hydrogenation or deuteration
be performed at high pressures (such as many atmoshperes) to
increase transport ol hydrogen into the substrate.

[0084] Following treatment with the hydrogen containing
gas and/or plasma, or the hydrogen contamning acid, the
hydrogen diffuses to the bonds within the intrinsically
stressed germanium and tin alloy layer 10, wherein the inter-
action between the hydrogen and the bonds of the germanium
and tin alloy layer 10 weakens the bonding within the germa-
nium and tin alloy layer 10.

[0085] FIGS. 7A and 7B depict some embodiments of
applying a stress from the stressor layer 20 to the germanium
substrate 1 depicted in FIGS. 6A and 6B, 1n which the stress
cleaves the germanium substrate 1 along the germanium and
tin alloy layer 10. The applying of the stress by the tensile
stressed layer 20 to the germanium substrate 1 that1s depicted
in FIGS. 7A and 7B 1s similar to the method of applying the
stress to the germanium substrate 1 using the stressor layer 20
that 1s described above with reterence to FIGS. 2A and 2B,
with the exception that in the method depicted 1n FIGS. 7A
and 7B the germanium substrate 1 cleaves along the germa-
nium and tin alloy layer 10.
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[0086] FIGS. 8A and 8B depict some embodiments of
removing the remaining portion 10a of germanium and tin
alloy layer 10 from the structure depicted 1n FIG. 7. In one
embodiment, the remaining portion 10a of the germanium
and tin alloy layer 10 1s removed selectively to the second
layer of germanium 15. In one embodiment, the etch process
that removes the remaining portion 10q of the germanium and
tin alloy layer 10 1s a wet etch including an etch chemistry that
1s selective to the second layer of germanium 15. In one
embodiment, the etch chemistry for removing the remaining
portion 10a of the germanium and tin alloy layer 10 selec-
tively to the second layer of germanium 15 includes ammo-
nium hydroxide (NH,OH), potassium hydroxide (KOH), tet-
ramethyl ammonium hydroxide (IMAH) and mixtures or
dilutions thereof. It 1s noted that the above etch chemistries
have been provided for illustrative purposes only, and are not
intended to limit the present disclosure. For example, other
etch chemistries may be employed, so long as the etch chem-
1stry removes the germanium and tin alloy layer 10 without
removing the second layer of germanium 135. Other etch pro-
cesses that can be used at this point of the present disclosure
include reactive 1on etch, 1on beam etching, plasma etching or
laser ablation.

[0087] Following removing the germanium and tin alloy
layer 10, the thickness of the germanium substrate 1, 1.e.,
second layer of germanium 15, may range from 0.1 microns
to 20 microns. In another example, the thickness of the second
layer of germanium 15 may range from 0.5 microns to 10
microns. The variation of thickness across the entire width of

the second layer of germanium 13 at this point of the present
disclosure is less than 1000 A.

[0088] The methods described above can be used 1n fabri-
cating various types of thin-film devices including, but not
limited to, semiconductor devices, and photovoltaic devices.
FIG. 9A depicts one embodiment of forming a photovoltaic
device 1004 on the remaining portion of the germanium sub-

strate 1 that results from the method sequence that 1s depicted
in FIGS. 1-8A.

[0089] FIG. 9A depicts one embodiment of a photovoltaic
device 100a, such as a multi-junction I11I-V photovoltaic cell,
that includes a second layer of germanium 15 (hereafter
referred to as layer of germanium 15) having a thickness
ranging from 1 micron to 10 microns, wherein the layer of
germanium 15 has a variation of thickness across the entire
width of the first layer of germanium that is less than 1000 A.
The layer of germanium 15 may be provided by the at least
one of the spalling methods that are described above with
reference to FIGS. 1-8A, and provide at least one component
of the bottom cell 150 of the photovoltaic device 100a. The
layer of germamium 13 typically has a first conductivity, and
a semiconductor layer 6 1s typically formed atop the layer of
germanium 135 having a second conductivity that 1s opposite
the first conductivity. For example, 11 the layer of germanium
15 1s doped to a p-type conductivity, the semiconductor layer
6 1s doped to an n-type conductivity, and vice versa. The
semiconductor layer 6 may be composed of a silicon contain-
ing material or of a germamum containing material. The
semiconductor layer 6 may be an epitaxially deposited layer.
Examples of CVD processes suitable for forming the semi-
conductor layer 6 include Atmospheric Pressure CVD

(APCVD), Low Pressure CVD (LPCVD), Plasma Enhanced
CVD (PECVD), Metal-Organic CVD (MOCVD), Ultra-high
vacuum CVD (UHV-CVD) and combinations thereof. The

combination of the layer of germanium 15 and the semicon-
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ductor layer 6 may provide the bottom cell 150 of the photo-
voltaic device 100qa. The bottom cell 150 of the photovoltaic
device may have a thickness of 10 microns or less.

[0090] In one embodiment, the photovoltaic device 100a
includes at least one top cell 200 comprised of at least one
I1I-V semiconductor material that 1s present 1n direct contact
with a bottom cell 150 that 1s comprised of a germanium
contaiming material. The at least one top cell 200 1s composed
of any number of layers of any number of I11I-V semiconduc-
tor materials. A “III-V semiconductor material” 1s an alloy
composed of elements from group III and group V of the
periodic table of elements. In one embodiment, the at least
one top cell 200 1s comprised of at least one I1I-V semicon-
ductor matenal selected from the group consisting of alumi-
num antimonide (AlSb), aluminum arsenide (AlAs), alumi-
num nitride (AIN), aluminum phosphide (AIP), gallium
arsenide (GaAs), gallium phosphide (GaP), indium anti-
monide (InSb), indium arsenic (InAs), indium nitride (InlN),
indium phosphide (InP), aluminum gallium arsenide (Al-
GaAs), mdium gallium phosphide (InGaP), aluminum
indium arsenic (AllnAs), aluminum mdium antimonide
(AllnSb), gallium arsenide nitride (GaAsN), gallium arsenide
antimonide (GaAsSb), aluminum gallium nitride (AlGaN),
aluminum gallium phosphide (AlGaP), mndium gallium
nitride (InGaN), indium arsenide antimomde (InAsSbh),
indium gallium antimonide (InGaSb), aluminum gallium
indium phosphide (AlGalnP), aluminum gallium arsenide
phosphide (AlGaAsP), indium gallium arsenide phosphide
(InGaAsP), indium arsenide antimonide phosphide (In-
ArSbP), aluminum indium arsenide phosphide (AllnAsP),
aluminum gallium arsenide mitride (AlGaAsN), indium gal-
lium arsenide nitride (InGaAsN), indium aluminum arsenide
nitride (InAlAsN), galllum arsenide antimonide nitride
(GaAsSbN), gallium mdium nitride arsenide aluminum anti-
monide (GalnNAsSb), gallium indium arsenide antimonide

phosphide (GalnAsSbP), and combinations thereof.

[0091] FEach of the I1I-V semiconductor materials that pro-
vide the at least one top cell 200 may have a single crystal,
multi-crystal or polycrystalline crystal structure. Each of the
I1I-V semiconductor materials may be epitaxial. To provide a
junction with each of the cells in the at least one top cell 200
and to provide a junction with the bottom cell 150, the I1I-V
semiconductor materials may be doped to a p-type or n-type
conductivity. The effect of the dopant atom, 1.e., whether 1t 1s
a p-type or n-type dopant, depends occupied by the site occu-
pied by the dopant atom on the lattice of the base material. In
a I1I-V semiconductor, atoms from group II act as acceptors,
1.€., p-type, when occupying the site of a group 111 atom, while
atoms 1n group VI act as donors, 1.e., n-type, when they
replace atoms from group V. Dopant atoms from group 1V,
such a silicon (S1), have the property that they can act as
acceptors or donor depending on whether they occupy the site
of group III or group V atoms respectively. Such impurities
are known as amphoteric impurities. Each of the layers in the
at least one top cell 200 that provide PN junctions may have
a thickness ranging from 100 nm to 6,000 nm. In another
embodiment, each of the layers in the at least one top cell 20
may have a thickness ranging from 500 nm to 4,000 nm.

[0092] Stll referrning to FIG. 9A, front contacts 500 may
then be formed 1n electrical communication with at least the
at least one top cell 200 of at least one I1I-V semiconductor
material. The front contacts 500 may be deposited with a
screen printing techmque. In another embodiment, the front
contacts 500 are provided by the application of an etched or

Dec. 20, 2012

clectroformed metal pattern. The metallic material used 1n
forming the metal pattern for the front contacts 500 may
include applying a metallic paste. The metallic paste may be
any conductive paste, such as Al paste, Ag paste or AlAg
paste. The metallic material used 1n forming the metal pattern
for the front contact 500 may also be deposited using sput-
tering or plating. In some embodiments, the back contact may
be provided by the stressor layer 20, when the stressor layer
20 1s composed of a conductive material, such as a metal. In
other embodiments, the back contact may be formed using
similar methods and materials as the front contacts 500.
[0093] FIG. 9B depicts one embodiment of a photovoltaic
device 1005 that results from the method sequences that 1s
depicted 1n FIGS. 1-8B.

[0094] The photovoltaic structure 100a, 1005 depicted 1n
FIGS. 9A and 9B 1s provided for illustrative purposes only
and 1s not mtended to limit the present disclosure, as other
photovoltaic structures are within the scope of the present
disclosure. For example, the photovoltaic structure that is
depicted i FIGS. 9A and 9B may further include tunneling
layers, reflector layers, anti-retlective layers, and transparent
conductive oxide layers. In another example, an intrinsic
semiconductor layer 1s present between the layer of germa-
nium 15 and the semiconductor layer 6, and the photovoltaic
device 1s a p-1-n solar cell.

[0095] While the present disclosure has been particularly
shown and described with respect to preferred embodiments
thereot, 1t will be understood by those skilled in the art that the
foregoing and other changes 1n forms and details can be made
without departing from the spirit and scope of the present
disclosure. It 1s therefore intended that the present disclosure
not be limited to the exact forms and details described and
illustrated, but fall within the scope of the appended claims.

What 1s claimed 1s:

1. A method of cleaving a semiconductor material com-
prising:

providing a germanium substrate, wherein a germanium

and tin alloy layer 1s present within the germanium sub-
strate;

depositing a stressor layer on the germanium substrate;

applying a stress from the stressor layer to the germanium

substrate, in which the stress cleaves the germanium
substrate to provide a cleaved surface, wherein the ger-
manmium and tin alloy layer 1s present between the stres-
sor layer and the cleaved surface of the germanium sub-
strate; and

etching the cleaved surface of the germanium substrate

selective to the germanmium and tin alloy layer of the
germanium substrate.

2. The method of claim 1, wherein the germanium and tin
alloy layer comprises 0.5% at. to 20 at. % tin, less than 50 at.
% silicon, and a remainder of germanium.

3. The method of claim 2, wherein the silicon content of the
germanium and tin alloy layer is selected to ofiset the stress
induced by the tin content of the germamum and tin alloy
layer.

4. The method of claim 2, wherein the providing of the
germanium substrate comprises:

forming a first layer of germanium;

forming the germanium and tin alloy layer on the first layer
of germanium; and

forming a second layer of germanium on the germanium
and tin alloy layer, wherein when the stress 1s applied to
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the germanium substrate from the stressor layer, the
cleaved surface 1s formed 1n the first layer of the germa-
nium substrate.

5. The method of claim 4, wherein the first layer of germa-
nium comprises a base material of 100% germanium, and the
second layer of germanium comprises a base material of
100% germanium.

6. The method of claim 1, wherein the forming of the
germanium and tin alloy layer comprises molecular beam
epitaxy from germanium and tin solid source matenals,
chemical vapor deposition from at least a germanium-con-
taining source gas and a tin-containing source gas, or a Com-
bination thereof.

7. The method of claiam 6, wherein the tin-contaiming
source gas comprises stannane (SnH, ), Stannane-d4 (SnD,)
or a combination thereof.

8. The method of claim 1, wherein the stressor layer 1s
comprised of a metal containing layer, a polymer layer, an
adhesive tape or a combination thereof.

9. The method of claim 1, wherein the depositing of the
stressor layer on the germanium substrate comprises an adhe-
stve connection of a metal containing layer onto the germa-
nium substrate.

10. The method of claim 3, wherein at least one of a back
surface field layer, a back surface passivation layer, a tunnel
layer, or a back solar cell junction 1s formed on a back surface
of the first layer of germanium that 1s opposite the surface of
the first layer of germanium that the germanium and tin alloy
layer 1s formed on, wherein the at least one of the back surface
field layer, the back surface passivation layer, the tunnel layer,
or the solar cell junction provides a surface of the germanium
substrate that the stressor layer 1s deposited on.

11. The method of claim 1, further comprising a handling
substrate that 1s bonded to a surface of the stressor layer that
1s opposite a surface of the stressor layer that 1s deposited on
the germanium substrate.

12. The method of claim 1, wherein the applying of the
stress from the stressor layer to the germanium substrate
comprises a mechanical force applied to the stressor layer that
produces a stress 1n the germanium substrate, or a tempera-
ture change applied to the stressor layer that produces a ther-
mal expansion diflerential with the germanium substrate to
provide a stress in the germanium substrate, wherein the
stress 1n the germanium substrate that results from the
mechanical force or temperature change that 1s applied to the
stressor layer causes crack propagation within the germanium
substrate and provides the cleaved surface.

13. The method of claim 1, wherein the etching of the
cleaved surface of the germanium substrate that 1s selective to
the germanium and tin alloy layer of the germanium substrate
comprises a wet etch comprised of hydrogen peroxide.

14. The method of claim 3, further comprising removing
the germanium and tin alloy layer selective to the second layer
of germanium.

15. A method of cleaving a semiconductor material com-
prising:

providing a germanium substrate, wherein a germanium

and tin alloy layer 1s present within the germanium sub-
strate;

weakening the germanium tin alloy layer;

depositing a stressor layer on the germanium substrate; and

applying a stress from the stressor layer to the germanium

substrate, 1n which the stress cleaves the germanium
substrate along the germanium tin alloy layer.
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16. The method of claim 15, wherein the germanium and
tin alloy layer comprises 0.5 at. % to 20 at. % tin, less than
50% silicon, and a remainder of germanium.

17. The method of claim 15, wherein the providing of the
germanium substrate comprises:

forming a first layer of germanium;

forming the germanium and tin alloy layer on the first layer
of germanium; and

forming a second layer of germanium on the germanium
and tin alloy layer.

18. The method of claim 17, wherein the silicon content of
the germamum and tin alloy layer 1s selected to provide a
tensile stress 1n the germanium and tin alloy layer or the tin
content of the germanium and tin alloy layer 1s selected to
provide a compressive stress.

19. The method of claim 17, wherein the weakening of the
germanium tin alloy layer comprises treating the germanium
substrate with a hydrogen containing gas, a hydrogen con-
taining acid or a combination thereof, wherein hydrogen from
the hydrogen containing gas, the hydrogen containing acid or
the combination thereof diffuses to the germanium tin alloy
layer to weaken bonding within the germanium tin alloy
layer.

20. The method of claim 15, wherein the applying of the
stress from the stressor layer to the germanium substrate
comprises amechanical force applied to the stressor layer that
produces a stress 1n the germanium substrate, or a tempera-
ture change applied to the stressor layer that produces a ther-
mal expansion differential with the germanium substrate to
provide a stress in the germanium substrate, wherein the
stress 1n the germanium substrate that results from the
mechanical force or temperature change that 1s applied to the
stressor layer causes crack propagation along the germanium
tin alloy layer and cleaves the germanium substrate.

21. The method of claim 17 turther comprising etching a
remaining portion of the germanium tin alloy layer selec-
tively to the second layer of germanium.

22. A photovoltaic device comprising:

a layer of germanium having a first conductivity and a
thickness ranging from 1 micron to 10 microns, wherein
the first layer of germanium has a variation of thickness
across the entire width of the layer of germanium that 1s

less than 1000 A and

a semiconductor layer present on the layer of the germa-
nium, wherein the semiconductor layer has a second
conductivity, wherein the second conductivity 1s oppo-
site the first conductivity.

23. The photovoltaic device of claim 22, wherein the semi-
conductor layer i1s a silicon-containing material, a germa-
nium-contaiming material or the semiconductor layer 1s a
compound semiconductor.

24. The photovoltaic device of claim 22, wherein an intrin-
s1¢c semiconductor layer 1s present between the layer of ger-
mamum and the semiconductor layer, and the photovoltaic
device 1s a p-1-n solar cell.

25. The photovoltaic device of claim 22 further comprising,
a metal or polymeric substrate, wherein the photovoltaic
device 1s flexible.

26. The photovoltaic device of claim 22 further comprising,
a Iront contact and a back contact.

S e S e e



	Front Page
	Drawings
	Specification
	Claims

